Abstract: Yb:fiber lasers have shown excellent performance in 980-to 1100-nm wavelength range. Below 980 nm, the small ratio between emission and absorption cross sections hindered its development. To find out a feasible solution for short-wavelength Yb:fiber laser, the temperature-dependent emission and absorption cross sections, fiber length, pumping method, and suppression of high-gain wavelengths are analyzed and discussed. It is interesting to find that elevated temperature of the gain fiber is beneficial for shortwavelength Yb:fiber laser generation, which is opposite to general perception of quasi-threelevel lasers. In this paper, a 960-nm Yb:fiber laser with 20.1% slope efficiency is successfully developed at 101 C, which is the shortest wavelength of Yb:fiber laser to our knowledge. And this 960-nm Yb:fiber laser can be applied in generating blue light for largescreen laser display.
Introduction
Yb:fibers have been very successful as gain media for continuous wave lasers, pulsed lasers, and amplifiers because of the excellent properties in gain cross section, fluorescent lifetime, and efficient heat dissipation [1] - [3] . The high power and mode quality make them widely used for material processing, harmonic generations, and various other applications [4] - [7] . The typical wavelengths used were 1030-1100 nm. Efforts were made to extend its long wavelength range to 1179 nm for yellow-light generation [7] . Toward the short wavelength range, it has been extended to 974 nm for the pump source of erbium-doped fiber [8] , [9] . The difficulty to push it to shorter wavelength comes from the fact that high population inversion, i.e., greater than 50%, is needed to make the Yb:fiber be transparent below 970 nm. Even worse, the strong emission around 976 nm would deplete the metastable state population to reduce the gain at shorter wavelength [10] - [12] . In this paper, a short wavelength Yb:fiber laser is experimentally demonstrated. The performance is simulated with good agreement to the experiment. The generated 960-nm Yb:fiber laser can be a candidate to generate blue light for the future large-screen laser display.
Transparent Condition
Toward the shorter wavelength end of Yb:fiber emission spectrum, the gain medium behaves more like a three-level system and is sensitive to temperature. Consider the small signal gain, g, as shown in (1); the transparency condition for electron density at the metastable state, N 2;trans , can readily be obtained in (2) when the gain is equal to zero.
N 1 and N 2 are the electron densities at the lower and metastable states of Yb 3þ ion. N is the Yb 3þ doping concentration and is roughly equal to N 1 þ N 2 , considering a fast relaxation to the metastable state of the excited electrons. a and e are the absorption and emission cross sections. The temperature-dependent a and e can be explained by their transition energy levels, as shown in Fig. 1 [13] . Take 976-nm transition energy level for example; the upper level electron density decreases with increasing temperature and results in decreasing e , which is opposite to 960 nm and results in increasing e . Plugging in the temperature-dependent absorption and emission cross sections [13] , the required metastable state population of transparency condition is shown in Fig. 2 . With higher temperature, the required population is higher at long wavelength but is lower at short wavelength. The inset in Fig. 1 shows an enlargement near the wavelength of 960 nm, which can clearly be seen that it is easier to reach transparency at higher temperature below 976 nm. At room temperature, about 75% of the high-level electron density N 2 is needed to reach the transparency condition at 960 nm. Compared with 50% at 976 nm and less than 20% at 1064 nm, the 75% for 960-nm transparency is quite a demanding request. Since the higher the temperature is, the lower the need for N 2 to reach the transparency condition below 1000 nm, high temperature is preferred for short-wavelength Yb:fiber laser generation, which is opposite to the long-wavelength Yb:fiber laser. This interesting phenomenon can also be predicted by McCumber relation that the emission and absorption cross sections are not independent [14] .
Experiments and Discussions

Impact of Fiber Length on Relative Gain Near 980 nm and 1030 nm
From below 980 nm to longer than 1030 nm, Yb:fiber can act as a three-level, quasi-three level, to four-level gain medium. It is well known that gain medium length is crucial for the efficiency of a three-level laser. To find out the impact of fiber length on the relative gain near 980 nm and 1030 nm, a 200-mW fiber-pigtailed 915-nm laser diode was used as the pump laser. A polarization-maintained, single mode, single-clad, 6-m-core-diameter, and 125-m-clad-diameter Yb:fiber (Nufern PM-YSF-HI) was used as the gain fiber. The doping concentration, N, is 3:35 Â 10 25 m À3 . The absorption of this Yb:fiber is 250 dB/km at 975 nm and was bonded on a hot plate for temperature control. The amplified spontaneous emission (ASE) with various lengths were experimentally measured and numerically simulated at room temperature, and the output end of the Yb:fiber was 8 -cut to eliminate back reflection. As shown in Fig. 3(a) , the ASE near 976 nm was generated from a 20-cm Yb:fiber, and it grew with increasing fiber length. The ASE of 976 nm reached its maximum and then decreased due to the reabsorption loss. We can see that the ASE was dominated by 976 nm while the fiber was shorter than 70 cm. While the fiber was longer than 70 cm, the ASE was dominated by 1030-nm emission. This observation was numerically verified at room temperature, as shown in Fig. 3(b) . Though fiber grating can be used to suppress the unwanted ASE when implementing a laser, proper fiber length can certainly facilitate the emission at short wavelength. This experiment indicates that the proper fiber length to generate 960-nm laser should be shorter than 20 cm to avoid the ASE of 976 nm and 1030 nm for depleting the metastable state population, N 2 . To further elucidate the interplay among the various ASE wavelengths and population inversion, the ASE power inside the Yb:fiber is simulated without laser cavity, i.e., the output end of the Yb: fiber was 8 -cut to eliminate back reflection. A 200-mW 915-nm laser is used as the pumping source to incident into a 1-m-long Yb:fiber. The ASE powers and the ratio of N 2 =N are shown in Fig. 4 . The increasing population inversion near the front end of the fiber is due to reabsorption of the ASE. It is prominent when pump saturation is reached. The high growth rate of 976-nm ASE, at short fiber length, reaches a maximum around 45 cm. Then, the 1030-nm ASE takes off and shares the population and eventually dominates the consumption of the population above 80 cm.
Relative Pump Rate
In order to reach the 75% of the high-level electron population, N 2 , for 960-nm transparency, enhancing the pumping rate is certainly crucial. The pumping rate can be expressed as
where P p is the pump power, A p is the pump mode area, h is Planck constant, p is the pump laser
e is absorption coefficient, and p a and p e are absorption and emission cross sections for pump wavelength, respectively. Table 1 summarizes the relative gain between 960 nm and 976 nm with different temperatures [15] . We can see that the single-pass gain of 976 nm is 15 times higher than that of 960 nm and the ratio decreases with increasing temperature. In order to generate 960-nm Yb:fiber laser, using a smaller pump area helps to restrain the gain of 976 nm, which matches the result of (3). So core-pumping scheme is preferred for short-wavelength Yb:fiber laser.
960-nm Yb:Fiber Laser
For Yb:fiber, the absorption cross section is higher than the emission cross section when the wavelength is shorter than 970 nm, which makes short-wavelength Yb:fiber laser generation TABLE 1 Relative small signal gain between 960 nm and 976 nm at different fiber temperatures. G (in dB) is the single-pass gain, abs (in dB) is the single-pass absorption of pump wavelength, and is the area ratio of pump to laser, A p =A core difficult. In addition, 976 nm, which has strongest emission cross section of Yb:fiber, depletes the gain and also restrains the short-wavelength Yb:fiber laser generation. To implement a shortwavelength Yb:fiber laser, in-between the pigtailed pump laser and the 13.5-cm-long Yb:fiber was fusion spliced with a fiber Bragg grating (FBG; Corning # PM980) of greater than 99.9% reflectance at 960 nm. To generate a 960-nm Yb:fiber laser, suppressing the single-pass gain of other wavelengths (especially 976 nm) by FBG is needed. At the end of the Yb:fiber, a FBG with 99.4% reflection at 960 nm was initially attempted in the laser setup to reduce the threshold. There is 4% reflection at 976 nm with a flat-surface cutting of FBG, and only 14-dB suppression results no 960-nm laser even at 310 C. The 976-nm laser spectrum with multilongitudinal modes is shown in Fig. 5(a) . In order to suppress the 976-nm lasing, an 8 surface cutting of the output FBG fiber (9 29-dB suppression of out of band light) was used. The 976-nm laser disappeared, and only a broadband ASE existed. Lasing at 960-nm laser was successfully achieved as shown in Fig. 5(b) .
To raise the output power, at the output end of the Yb:fiber, a FBG with a reflectance of 80.3% at 960 nm was fusion spliced. Yb:fiber laser at 960 nm was successfully generated with a FWHM of 0.7 nm, as shown in Fig. 6(a) . The experimental and stimulated L-I curves with different temperatures are shown in Fig. 6(b) . The slope efficiency increases and the threshold decreases with higher temperature. The result is summarized in Table 2 ; the slope efficiency was around 20.1% at 101 C. According to our simulation, it should be noted that that the 20.1% efficiency can be significantly improved if the 0.82-dB fusion loss of FBGs can be reduced. As high as 63% slope efficiency can be achieved, if the fusion loss of FBGs can be reduced to 0.1 dB.
Conclusion
In order to generate short-wavelength Yb:fiber laser, temperature-dependent emission and absorption cross section, pumping method, and fiber length are crucial to suppress the high gain wavelengths of 976 nm and 1030 nm. It is interesting to note that high temperature is beneficial for 960-nm laser generation, which is opposite to general impression of quasi-three-level lasers. In this paper, a 960-nm Yb:fiber laser with 20.1% slope efficiency has been successfully developed at 101 C, which is the shortest wavelength Yb:fiber laser to our knowledge. The laser performance matches well with our simulation, which suggests that higher efficiency can be expected if the laser cavity's roundtrip loss can be reduced. This short-wavelength laser can be a good candidate for the generation of single-mode blue laser by frequency doubling. 
